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Possibilities of observing a signal of an η′n bound state are investigated by considering photo-
productions of the η and η′ mesons on a deuteron target with forward proton emission. For this
purpose, we take the η′n interaction from the linear sigma model with a coupling to ηn, in which an
s-wave η′n bound state can be dynamically generated, and we fix the γp → ηp and η′p scattering
amplitudes so as to reproduce the experimental cross sections with forward proton emission. By us-
ing these γp→ η(′)p and η(′)n→ η(′)n amplitudes, we calculate cross sections of the γd→ ηnp and
η′np reactions with forward proton emission in single and η(′)-exchange double scattering processes.
As a result, we find that the signal of the η′n bound state can be seen below the η′n threshold in
the ηn invariant mass spectrum of the γd→ ηnp reaction and is comparable with the contribution
from the quasifree η′ production above the η′n threshold. We also discuss the behavior of the signal
of the η′n bound state in several experimental conditions and model parameters.
PACS numbers: 14.20.Gk, 13.75.Gx, 25.20.Lj
I. INTRODUCTION
The clarification of properties of the η′ meson is one
of the important topics in hadron physics. Its anoma-
lously heavy mass, known as the UA(1) problem [1], can
be explained by the fact that the UA(1) symmetry is ex-
plicitly broken by quantum anomaly in quantum chro-
modynamics (QCD) [2–4] and the η′ meson is not a
Nambu-Goldstone boson associated with the chiral sym-
metry breaking [5–8]. It is also important to emphasize
that the UA(1) anomaly is not the only source of the
mass of the η′ meson, but the SU(3) chiral symmetry is
necessarily broken for the anomaly to affect the η′ mass
spectrum [9, 10].
One of the recent interests in the η′ meson is its in-
medium properties [10–23], especially in the context of
partial restoration of chiral symmetry in nuclear mat-
ter [10]. As mentioned above, the η′ mass is closely re-
lated also to the chiral symmetry breaking. In the nuclear
medium, chiral symmetry is considered to be partially re-
stored with 30% reduction of the magnitude of the quark
condensate at the saturation density [24]. Thus, the η′
mass is expected to be reduced in the nuclear matter.
A simple estimation based on partial restoration of chi-
ral symmetry has suggested about 100 MeV reduction of
the η′ mass at the saturation density [10] as seen in the
chiral effective model calculations by the NJL model [16]
and the linear sigma model [23]. The strong mass reduc-
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tion in nuclear matter provides a strong attractive scalar
potential for the η′ meson in finite nuclei. This has stim-
ulated experimental and theoretical studies of search for
η′ bound states in nuclei [25, 26].
According to the linear sigma model, if the dynam-
ical chiral symmetry breaking plays an important role
for the mass generation of a hadron, the hadron should
have strong coupling to the σ field. Recalling that (a
part of) the nucleon (N) mass is generated by the chiral
symmetry breaking and the σ exchange provides a strong
attraction for the NN interaction in the isoscalar-scalar
channel, one expects a similar attraction in the η′N inter-
action and a possible two-body bound state of η′N [23].
Thus, the interaction between η′ andN is a key to investi-
gate properties of the η′ meson. The η′N interaction was
investigated in, e.g., the chiral effective models [27–29].
A possibility to form an η′N bound state was pointed out
in the linear sigma model in Ref. [23]. An experimental
signal of the η′N bound state was implied in Ref. [30],
where they measured the π−p → η′n cross section just
above the η′n threshold. Production experiments of the
η′ meson in other reactions, such as γp→ η′p [31–34] and
pp → η′pp [35–37], also give us a good ground to study
the η′N interaction.
In this study, we theoretically investigate possibili-
ties of observing a signal of an η′n bound state in the
photoproduction cross sections of η and η′ mesons on a
deuteron target, γd→ ηnp and η′np, using the formula-
tion developed in Refs. [38–41]. For this purpose, we con-
sider forward proton emission so as to make a kinetically
favored condition for the generation of the η′n bound
state. As for the production process, we take into ac-
count a single-scattering η(′) photoproduction on a bound
proton and double scatterings with the exchange of η(′)
meson, which is produced on a bound proton in the first
step. We employ the linear sigma model [23, 42] so as
2to calculate the η′N interaction and its scattering ampli-
tude. Then we compare the signal of the η′n bound state
in the γd→ ηnp reaction to the quasifree η′ contributions
in the η′np reaction.
This paper is organized as follows. In Sec. II we de-
velop our formulation of the cross sections of the η and η′
photoproductions on proton and deuteron targets. The
η′N interaction in our effective model is also briefly in-
troduced in this section. Next, in Sec. III we show our
results of the η and η′ photoproduction cross sections on
a deuteron target and discuss possibilities of observing
the signal of the η′n bound state by comparing the sig-
nal with the quasifree η′ contribution. In this section we
also discuss the behavior of our results in several exper-
imental conditions and model parameters. Section IV is
devoted to the conclusion of this study.
II. FORMULATION
In this section we formulate the cross sections of the
η(′) photoproduction on the deuteron and proton targets.
First, we consider the deuteron target case and discuss
the diagrams for the photoproduction of the η′n bound
state off the deuteron in Sec. II A. Next, in Sec. II B
we explain our approach to calculate the η′N scattering
amplitude, in which an η′N bound state can appear as
a resonance pole with appropriate model parameters of
the linear sigma model. Finally, we go to the γp→ η(′)p
reaction in Sec. II C, where we take into account the
η(′)N → η(′)N rescattering process with the amplitude
developed in Sec. II B, and we fix the parameters for the
γp → η(′)p reaction so as to reproduce the experimental
data.
A. The γd→ ηnp and η′np reactions
Let us first consider the η(′) meson photoproduction
on the deuteron target, γd → Xp with X = mn = ηn
or η′n. The differential cross section of the reaction is
expressed as
d2σγd→Xp
dMXdΩp
=
ppp
∗
mMpMn
4Elabγ W3
1
(2π)5
∫
dΩ∗n|Tγd→Xp|2, (1)
where MX =Mmn =Mηn or Mη′n is the invariant mass
of X , Ωp is the solid angle for the momentum of the final-
state proton in the global center-of-mass frame, Mp and
Mn are the proton and neutron masses, respectively, E
lab
γ
is the photon energy in the laboratory frame, i.e., the
deuteron rest frame, W3 is the total energy obtained as
W3 =
√
M2d + 2MdE
lab
γ with the deuteron mass Md, Ω
∗
n
is the solid angle for the momentum of the neutron in the
m-n center-of-mass frame, and Tγd→Xp is the scattering
amplitude for the reaction γd→ Xp. The magnitude of
the momenta of the final-state proton pp and the meson
p∗m are evaluated in the global center-of-mass frame and
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FIG. 1: Feynman diagrams for the γd → mnp reaction with
m = η or η′. Here T1 and T2 are the γp→ mp and mn→ mn
scattering amplitudes, respectively.
in the m-n center-of-mass frame, respectively, and they
are expressed as
pp =
λ1/2(W 23 , M
2
p , M
2
X)
2W3
, p∗m =
λ1/2(M2X , M
2
m, M
2
n)
2MX
,
(2)
with the Ka¨llen function λ(x, y, z) = x2+y2+z2−2xy−
2yz − 2zx and the meson mass Mm.
In this study we are interested in the photoproduc-
tion of an η′n bound state with forward proton emis-
sion, so we calculate the cross sections by considering
kinetically favored amplitudes, which are diagrammat-
ically shown in Fig. 1. Namely, we take into account a
single-scattering η(′) photoproduction on a bound proton
and double scatterings with the exchange of η(′) meson,
which is produced on a bound proton in the first step.
Since we require a fast proton in the forward direction, we
can safely neglect the final-state interaction between pro-
ton and neutron. In addition, as we will see later, the η′
exchange is most important, since η′ in the intermediate
state goes almost on its mass shell at MX ≈ Mη′ +Mn.
On the other hand, the η exchange is suppressed due
to its largely off-shell propagation. This means that ex-
changes of other mesons such as π should be suppressed
more. We also note that we do not consider diagrams of
η and η′ photoproductions on a bound neutron. This is
because in this condition the final-state neutron should
go in forward direction with large momentum while the
final-state proton would be slow and its scattering angle
would not be restricted to forward due to the kinemat-
ics, which can easily be suppressed by the experimental
setup.
Thus, we calculate the scattering amplitude Tγd→Xp
as
Tγd→Xp = T (m)1 + T (m)2 + T (m)3 , (3)
where the subscripts 1, 2, and 3 corresponds to the num-
ber of the diagrams in Fig. 1. The expression of each
amplitude is obtained in a similar manner to that in
Refs. [38–41].
The first term T (m)1 , corresponding to the single scat-
tering, is evaluated as
T (m)1 = Tγp→mp(W2)× ϕ˜(pn), (4)
3with the s-wave γp → mp scattering amplitude Tγp→mp
denoted by T1 in Fig. 1 and the deuteron wave function
in momentum space, ϕ˜(q), which is given in the deuteron
rest frame. Therefore, for the evaluation of the deuteron
wave function ϕ˜(pn) we have to calculate the neutron
momentum in the final state, pn, in the laboratory frame.
The energy W2 is calculated as
W2 =
√
(pµm + p
µ
p )
2
, (5)
where pµm and p
µ
p are the momenta of the meson m and
proton in the final state, which can be evaluated from
the final-state phase space.
The second term T (m)2 corresponds to the double scat-
tering with the η′ exchange and evaluated as
T (m)2 =Tγp→η′p(W ′2)Tη′n→mn(MX)
×
∫
d3q
(2π)3
ϕ˜(q + pp − k)
q2 −M2η′ + iǫ
, (6)
with the η′n→ mn amplitude Tη′n→mn denoted by T2 in
Fig. 1, for which we employ an effective model described
in the next subsection, the photon and final-state pro-
ton momenta in the laboratory frame k = (0, 0, Elabγ )
and pp, respectively, and an infinitesimal positive value
ǫ. The energy W ′2 is approximated as
W ′2 ≈
√
M2p + 2MpE
lab
γ , (7)
by assuming that the initial-state bound proton is at rest
on its mass shell. The energy carried by the exchanged
meson, q0, should be fixed in appropriate models. In this
study, we employ two approaches. The first one is the
Watson approach [43], which gives us [41]
q0 =Mp + E
lab
γ − p0p, (8)
in the laboratory frame. In the second approach, we em-
ploy the truncated Faddeev approach as done in Ref. [44],
in which we have
q0 =Md + E
lab
γ − p0p −Mn −
|q + pp − k|2
2Mn
, (9)
in the laboratory frame. Here we refer to the former
(latter) treatment as option A (B). The details are given
in Ref. [41].
The third term T (m)3 corresponds to the double scat-
tering with the η exchange and is evaluated as
T (m)3 =Tγp→ηp(W ′2)Tηn→mn(MX)
×
∫
d3q
(2π)3
ϕ˜(q + pp − k)
q2 −M2η + iǫ
. (10)
Here the energy carried by the exchanged meson, q0, is
fixed in the same manner as in the second term, T (m)2 ,
with the option A (8) or B (9).
In our calculation, both Tγp→ηp and Tγp→η′p can be
factorized out of the integral because we assume it not
to depend on the internal energy nor scattering angle. In
a more realistic case, both Tγp→ηp and Tγp→η′p depend
on them and thus should be in principle inside the inte-
gral. Nevertheless, the forward proton emission of this
reaction, i.e., the scattering angle of the final-state pro-
ton, θp, being around 0 degree, indicates that neglecting
the angular dependence is enough good as a first-order
approximation. On the other hand, the energy W ′2 as
a parameter of the amplitudes Tγp→mp can be fixed by
assuming that the initial-state bound proton in the first
scattering is at rest on its mass shell, as done in Ref. [38].
For the deuteron wave function, we neglect the d-wave
component and we use a parameterization of the s-wave
component given by an analytic function [45] as
ϕ˜(q) =
11∑
j=1
Cj
q2 +m2j
, (11)
with Cj and mj determined in [46].
B. The η′N scattering amplitude
Next we formulate the η′N scattering amplitude
around the η′N threshold. In this study we consider
an s-wave η′N -ηN coupled-channels problem, since the
ηN channel can be important to the η′N scattering am-
plitude as the closest open channel in s wave. In this
study, we employ the η′N amplitude obtained from the
linear sigma model with unitarization according to the
approach developed in Refs. [23, 42]. The scattering am-
plitude Tij is labeled by the channel indices i and j as
i = 1 (2) for η′N (ηN). Here we note that we employ
the physical masses for nucleons to calculate quantities,
so the nucleon mass MN is equal to Mp for the η
(′)p
reaction and to Mn for the η
(′)n reaction in the follow-
ing formulation, while the interaction term is constructed
with isospin symmetry.
According to Refs. [23, 42], we construct an interaction
kernel from the linear sigma model as
V11 = − 6gB√
3m2σ0
, V12 = V21 = +
6gB√
6m2σ8
, V22 = 0,
(12)
where constants g, B, mσ0, and mσ8 determine the
strength of the interaction; g is the coupling constant
for the σNN vertex, B represents the contribution from
the UA(1) anomaly, and mσ0 and mσ8 are the masses of
the singlet and octet sigma mesons exchanged between
η(′) and N . These parameters are fixed as g = 7.67, B =
0.984 GeV, mσ0 = 0.7 GeV, and mσ8 = 1.23 GeV [23].
Here, we note that the contribution from the ηN chan-
nel is not so large because the mixing angle between the
η and η′ is small and the transition of the η′N into ηN
governed by Eq. (12) is suppressed by the large mass of
4the octet scalar meson mσ8. This means that the follow-
ing result would not depend so much on the details of the
treatment of the ηN channel.
We use this tree-level interaction as an interaction ker-
nel, and solve the scattering equation to obtain the scat-
tering amplitude Tij(w):
Tij(w) = Vij +
2∑
k=1
VikGk(w)Tkj(w), (13)
where w is the center-of-mass energy and Gi is the η
(′)N
loop function. It is important that the tree-level ampli-
tude Vij is independent of the external momentum [see
Eq. (12)], and thus the scattering equation becomes an
algebraic equation. For the loop function Gi, we employ
a covariant expression as
Gi(w) ≡ i
∫
d4q
(2π)4
2MN
[(P − q)2 −M2N ](q2 −M2i )
, (14)
with Pµ = (w, 0), M1 = Mη′ , and M2 = Mη, and the
loop function is calculated with the dimensional regular-
ization as
Gi(w) =
2MN
16π2
[
ai(µreg) + ln
(
M2N
µ2reg
)
+
w2 +M2i −M2N
2w2
ln
(
M2i
M2N
)
− λ
1/2(w2, M2N , M
2
i )
w2
artanh
(
λ1/2(w2, M2N , M
2
i )
M2N +M
2
i − w2
)]
,
(15)
with the subtraction constant ai at the regularization
scale µreg, which is set as µreg =MN . In this study they
are fixed by the natural renormalization scheme devel-
oped in Ref. [47] so as to exclude the Castillejo-Dalitz-
Dyson (CDD) pole contribution from the loop function.
This can be achieved by requiring Gi(w = MN ) = 0 for
every channel i.
In this construction, a sufficient attraction between η′
and N leads to an η′N bound state described by a pole
of the scattering amplitude Tij(w) with its residue gigj :
Tij(w) =
gigj
w − wpole + (regular at w = wpole). (16)
The residue gi can be interpreted as the coupling con-
stant of the η′N bound state to the i channel. The cou-
pling constant gi is further translated into the so-called
compositeness Xi via the two-body wave function so as
to measure the fraction of the two-body component [48–
52]. Namely, in the present formulation the two-body
wave function in channel i in momentum space Ψ˜i(q) is
proportional to the coupling constant gi [53, 54] as
Ψ˜i(q) =
gi
√
4MNwpole
w2pole − [ωi(q) + ΩN (q)]2
. (17)
TABLE I: Pole position wpole, coupling constant gi (i = η
′N ,
ηN), and compositeness Xi of the η
′N bound state in the
present model.
wpole [MeV] 1889.5 − 6.3i
gη′N 2.40 + 0.45i
gηN −0.54− 0.07i
Xη′N 1.01 + 0.00i
XηN −0.01 + 0.00i
Then, the compositeness is defined as the norm of Ψ˜i(q),
and its expression is
Xi =
∫
d3q
(2π)3
ωi(q) + ΩN (q)
2ωi(q)ΩN (q)
[
Ψ˜i(q)
]2
=− g2i
dGi
dw
(w = wpole), (18)
where ωi(q) ≡
√
M2i + q
2 and ΩN (q) ≡
√
M2N + q
2.
Here we note that the compositeness as well as the wave
function is a scheme dependent quantity, i.e., we can
uniquely determine it when we fix the model space, in-
teraction, and loop function. Since we take into account
only the η′N and ηN channels in the present model, the
sum of the norms for the η′N and ηN channels, X1+X2,
coincides with the normalization of the total bound-state
wave function |Ψ〉 as
〈Ψ∗|Ψ〉 = X1 +X2 = 1. (19)
In this sense, one can deduce the structure by comparing
the value of the compositeness with unity. Besides, we
may take into account missing channels, which do not
appear as explicit degrees of freedom in the model space,
by employing an energy dependent two-body interaction,
as such a missing channel inevitably brings energy depen-
dence to the two-body interaction [47, 51].
The values of the pole position, coupling constant, and
compositeness of the η′N bound state in the present
model are listed in Table I. As one can see, the pole
position wpole has a small imaginary part as a decay of
the η′N bound state to the ηN channel, and the value is
consistent with the experimental implication in Ref. [30].
The modulus of the η′N coupling constant is about five
times larger than that of the ηN one. Since the η′N com-
positeness Xη′N is close to unity with a negligible imag-
inary part, the η′N bound state in the present model
parameter is indeed dominated by the η′N component.
C. The γp→ ηp and η′p scattering amplitudes
Finally, let us consider photoproductions of η and η′ on
a proton target. In this study, we introduce the rescat-
tering of η(′)p in the final state of the γp→ mp reaction
with m = η or η′, as done in Ref. [55]. Namely, with the
η(′)N → η(′)N amplitude developed in the previous sub-
section, we construct the scattering amplitude Tγp→mp
5in the approach diagrammatically shown in Fig. 2, which
is expressed as
Tγp→i(W ) = Vγi +
2∑
j=1
VγjGj(W )Tji(W ). (20)
Here W is the center-of-mass energy, Tji and Gj are the
η(′)p → η(′)p scattering amplitude and loop function de-
veloped in the previous subsection, respectively, and the
channel index i = 1 (2) indicates the η′p (ηp) channel. In
general we may take different subtraction constants for
the loop functions Gi in Eqs. (13) and (20), but the same
subtraction constant is used in this study. In contrast,
the γp→ i part Vγi is unknown model parameter.
In this study we fix Vγp→i by using the experimental
data of the differential cross section for the reaction γp→
mp, which is expressed as
dσγp→mp
dΩ
=
p′cmMp
16π2Elabγ W
|Tγp→mp|2. (21)
Here Ω is the solid angle for the momentum of the final-
state proton in the center-of-mass frame and the total
energy W is obtained as W =
√
M2p + 2MpE
lab
γ . The
magnitude of the momentum of the final-state proton in
the center-of-mass frame, p′cm, can be calculated as
p′cm =
λ1/2(W 2, M2p , M
2
m)
2W
. (22)
Here we note that, since we mainly concentrate on the
forward proton emission, we may need only the scattering
amplitude at a certain angle. Furthermore, in this study
we are interested in the ratio of the η′n bound state signal
to the η′ quasifree contribution. In this sense, regarding
the γp→ i part Vγi to be constant is enough for our pur-
pose to calculate the relative strength between the η′n
bound state signal and the η′ quasifree contribution in
the forward proton emission. Thus, we fix two fitting pa-
rameters Vγ1 and Vγ2 so as to reproduce the experimen-
tal data. For the forward proton emission, we use the
experimental data on the γp → η′p and ηp reactions in
the scattering angle −0.8 < cos θcmm < −0.7 with the η(′)
scattering angle θcmm [32, 34]. As we will see in the numer-
ical results, the γp→ η′p reaction is most important, so
we give more weight to the data of the γp→ η′p reaction.
From the fit with the parameters in the η(′)N → η(′)N
+
FIG. 2: Feynman diagrams for the γp → mp reaction with
m = η or η′. Here the solid, dashed, and wavy lines repre-
sent the proton, m, and photon, respectively. The open and
shaded circles correspond to the γp → mp and mp → mp
amplitudes, respectively.
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FIG. 3: Differential cross sections of γp → ηp and η′p re-
actions calculated with the amplitudes in Eq. (20) and com-
parison with the experimental data in Refs. [32, 34]. The
experimental data are taken with the scattering angle −0.8 <
cos θcmm < −0.7 for both η and η
′ photoproductions with θcmm
being the meson angle in the center-of-mass frame.
amplitude (g = 7.67, B = 0.984 GeV, mσ0 = 0.7 GeV,
and mσ8 = 1.23 GeV), we take the following parameters:
Vγ1 = 0.348 GeV
−1, Vγ2 = 0.354 GeV
−1, (23)
which reproduce the experimental cross sections with
forward proton emission above the η′p threshold in
Ref. [32, 34], as shown in Fig. 3. We note that in Fig. 3
we have a prominent peak in the γp → ηp cross section
below W = 1.9 GeV corresponding to the signal of the
η′p bound state. In actual experimental observation, this
contribution should interfere with others coming from the
nonresonant background. This may provide a peak struc-
ture or a dip, generally a Fano resonance, depending on
the interference.1
We emphasize again that this strategy is sufficient for
our purpose to estimate the production ratio of the η′n
bound state compared to the η′ quasifree contributions
with forward proton emission. Actually, around the η′n
threshold the strength of both the bound state signal and
the quasifree contribution is similarly suppressed as the
scattering angle increases, and hence a large cancellation
will take place when we take the signal to quasifree ratio.
1 Actually, an enhancement of the differential cross section of the
γp → ηp reaction was observed just below the η′p threshold in
experiments [56, 57], which was claimed to be attributable to an
S11 resonance in their analyses. This might imply the signal of
the η′p bound state.
6 0
 0.5
 1
 1.5
 2
 2.5
 1.86  1.87  1.88  1.89  1.9  1.91  1.92  1.93  1.94
d
2 σ
 
/ d
M
X
 d
Ω
p
 
 
[ µ
b 
/ G
eV
 sr
 ]
MX  [GeV]
A, ηn
A, η′n
B, ηn
B, η′n
FIG. 4: Invariant mass spectra for the γd → Xp reactions
withX = ηn and η′n. The exchanged meson energy q0 is fixed
as in Eq. (8) [Eq. (9)] for the option A (B). The initial photon
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III. NUMERICAL RESULTS
Now we calculate the differential cross section (1) for
the γd → mnp reaction with m = η or η′. We first per-
form theoretical studies of the signal for the η′n bound
state in the photoproduction process in Sec. III A. In this
section, after examining two options, i.e., the Watson ap-
proach (8) and the truncated Faddeev approach (9), we
investigate each diagram contribution to the cross sec-
tions of the two reactions. In addition, we study how the
signal of the η′n bound state depends on the strength of
the η′N interaction. Then, in Sec. III B we discuss how
the signal of the η′n bound state can be seen in several
experimental conditions. We here show the dependence
of our results with respect to the initial photon energy
and the scattering angle of the final-state proton, and in-
tegrate the differential cross section with respect to the
scattering angle for the forward proton emission.
Throughout this section, the initial photon energy Elabγ
and proton scattering angle in the global center-of-mass
frame θcmp are fixed as E
lab
γ = 2.1 GeV and θ
cm
p = 0
degree, respectively, unless explicitly mentioned.
A. Theoretical study of the η′n signal
1. Signal of the η′n bound state in two options
First of all, we examine two options of the exchanged
meson energy: A for the Watson approach (8) and B for
the truncated Faddeev approach (9). We calculate the
differential cross sections for the γd→ ηnp and η′np re-
actions in both two approaches as functions of the invari-
ant mass MX =Mηn and Mη′n, and the result is shown
in Fig. 4 in the range [1.86 GeV, 1.94 GeV]. As one can
see from the figure, in both options A and B, we can
clearly observe the signal of the η′n bound state in the
ηn mass spectrum below the η′n threshold ≈ 1.897 GeV,
which is comparable to the quasifree η′ contribution in
the η′n mass spectrum above the threshold. However,
the strength of the bound state signal is different in two
options, while very similar quasifree η′ contributions are
found. Namely, the option A (B) gives a larger (smaller)
signal of the η′n bound state. This difference could be
interpreted as a theoretical ambiguity in calculating the
differential cross section of the γd reaction in the present
formulation.
Here we should mention that in the option A we have
a small cusp in the ηn spectrum around 1.88 GeV, which
is an artificial threshold in the Watson approach [41, 44].
Since we are interested in the signal of the η′n bound
state in clearer conditions, we employ only the option
B, which gives smaller signal of the bound state, in the
following calculations.
Let us now numerically compare the contributions
from the bound state signal and from others above
the η′n threshold in option B. This can be achieved
by integrating the differential cross section in appro-
priate ranges of the invariant mass MX . On the one
hand, the signal contribution is obtained by integrating
d2σγd→ηnp/dMXdΩp in the range [1.86 GeV, Mη′ +Mn],
which results in 0.011 µb/sr. On the other hand, the
other contributions above the η′n threshold contains
the quasifree η′ in the η′n spectrum and the tail of
the η′n bound state signal in the ηn spectrum. Thus,
we integrate the sum of the cross section in the two
reactions, d2σγd→ηnp/dMXdΩp + d
2σγd→η′np/dMXdΩp,
in the range [Mη′ + Mn, 2.0 GeV], which results in
0.055 µb/sr. Therefore, we obtain the ratio of the sig-
nal to other contributions as 0.011/0.055 = 0.20.
2. Contribution from each diagram
Next, we show in Fig. 5 the numerical result of each
diagram contribution to the differential cross section for
the γd→ ηnp reaction (1) as a function of the invariant
massMX =Mηn. As one can see, we observe that in this
invariant mass region the cross section is dominated by
the diagram 2 in Fig. 1, i.e., the η′ exchange contribution.
This is because the invariant mass in this region contains
the η′n threshold and thus the exchanged η′ can go al-
most on its mass shell to generate an η′n bound state.
On the other hand, both the diagrams 1 and 3 in Fig 1
are negligible. The contribution from the single scatter-
ing (diagram 1) is strongly suppressed by the deuteron
wave function. Namely, in order to make the ηn invari-
ant mass as large as the η′n threshold energy with the
forward proton emission only by the single scattering, we
need anomalously large Fermi motion of a bound neutron
in the forward direction. The η exchange as the diagram
3 is also small because the exchanged η cannot approach
on its mass shell in the η′n bound region with forward
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proton emission and the magnitude of the ηn→ ηn am-
plitude is small compared to that of the η′n → ηn one
employed in the diagram 2.
In Fig. 6, we show the numerical result of the differ-
ential cross section for the γd → η′np reaction around
the η′n threshold. The cross section starts at the η′n
threshold. From the figure, we find that the quasifree
η′ contribution in the single scattering (diagram 1 in
Fig. 1) dominates the cross section. This is caused by
the deuteron wave function; since a bound proton and
a bound neutron are almost at rest inside a deuteron,
the η′ meson produced by the γp∗ → η′p reaction with a
bound proton p∗ should be slow if the final-state proton
goes the forward angle with θcmp = 0 degree, which makes
the invariant mass MX to be close to the η
′n threshold.
Besides, the tail of an η′n bound state peak can make the
TABLE II: Properties of the η′n bound state with several
values of the parameter g or mσ8. When changing the value
of the parameter g ormσ8, other parameters remain fixed. We
also consider the case that we introduce the contribution from
the piN channel [59]. the The binding energy BE and width Γ
are defined as BE ≡ Mη′+Mn−Rewpole and Γ ≡ −2 Imwpole,
respectively.
Shift parameter g
g gη′n BE [MeV] Γ [MeV]
5.0 No structure
6.0 Cusp only
7.0 1.63 + 0.56i 0.9 5.4
8.0 2.71 + 0.43i 12.8 16.0
9.0 3.49 + 0.40i 31.8 26.0
Shift parameter mσ8
mσ8 [GeV] gη′n BE [MeV] Γ [MeV]
0.9 3.19 + 1.25i 9.5 60.9
1.0 2.79 + 0.91i 8.8 34.4
1.1 2.57 + 0.67i 8.4 21.2
1.2 2.43 + 0.49i 8.0 14.1
1.3 2.34 + 0.37i 7.7 9.8
Introduce piN channel
gη′n BE [MeV] Γ [MeV]
4.10 + 0.15i 57.0 14.5
η′ exchange diagram (diagram 2) be a nonnegligible con-
tribution to the cross section as the dashed-dotted line
in Fig. 6. On the other hand, the η exchange diagram
negligibly contribute to the cross section due to a similar
reason as in the γd→ ηnp reaction.
An interesting point is that we can observe the de-
structive interference between the quasifree η′ photopro-
duction of the single scattering and the η′ exchange con-
tribution. This means the absorption of η′ produced on
a bound proton into the bound neutron inside the same
deuteron. Actually, we can easily find that double scat-
tering amplitude constructed with the imaginary part of
the η′n→ η′n amplitude and the on-shell η′ exchange has
opposite sign compared to the single scattering one. The
present result provides us with an expectation that one
may extract information on the η′N interaction from the
quasifree η′ production yield on a deuteron target com-
pared to that on a proton target. We also expect large
medium effects for η′ such as the transparency ratio even
in light nuclei.
3. Dependence on the strength of the η′N interaction
Now we see the dependence on the strength of the η′n
interaction for the peak structure of the η′n bound state
in the γd→ pX reaction with X = ηn and η′n. Here we
vary the interaction strength via the model parameter
g or mσ8 in the interaction kernel (12), and by intro-
ducing the contribution from the πN channel. Since we
are interested in how the signal of the η′n bound state
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FIG. 7: Invariant mass spectrum for the γd → Xp reaction
with X = ηn and η′n as the sum of the two contributions.
The interaction strength is controlled by the parameter g in
Eq. (12). The initial photon energy is fixed as Elabγ = 2.1 GeV
and the proton scattering angle in the global center-of-mass
is θcmp = 0 degree.
depends on the model parameters, we modify the inter-
action strength only for the second scattering, i.e., T2 in
Fig. 1, while we fix the first step of the reaction (T1 in
Fig. 1) unchanged. We note that when we change the
value of the parameter g or mσ8, other parameters re-
main fixed as their original values.
First we vary the interaction strength via g, which is
the coupling constant for the σNN vertex. Since the cou-
pling constant g is commonly introduced to the η′n ↔
η′n and η′n↔ ηn interaction, as the value of g becomes
large both the binding energy BE ≡Mη′ +Mn−Rewpole
and width Γ ≡ −2 Imwpole of the η′n bound state in-
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The interaction strength is controlled by the parameter g in
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and the proton scattering angle in the global center-of-mass
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with X = ηn and η′n as the sum of the two contributions.
The interaction strength is controlled by the parametermσ8 in
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crease. We show in the upper panel of Table II the prop-
erties of the η′n bound state with several values of g. We
have checked that in the present condition the coupling
constant g ≥ 6.9 can form an η′n bound state below the
η′n threshold.
The behavior of the signal of the η′n bound state is
shown in Fig. 7, where we plot the sum of the differential
cross sections of γd → ηnp and η′np with the parame-
ter g = 5.0 to 9.0 in intervals of 1.0. From the figure,
we can clearly observe the signal of the η′n bound state
for g = 7.0 and 8.0. However, for g = 9.0, the signal
of the bound state becomes weak due to its large decay
width, Γ = 26.0 MeV. In addition, for g = 6.0, we find
only a cusp structure at the η′n threshold, as the interac-
tion with g = 6.0 cannot bind the η′n system below the
η′n threshold. Such a cusp structure disappears when
we take g = 5.0. This result indicates that, if the η′N
interaction is attractive enough, we have a chance to ob-
serve some peculiar structure around the η′n threshold,
i.e., the bound state signal (g = 7.0, 8.0 and 9.0) or a
cusp of the differential cross section at the η′n threshold
(g = 6.0). We also note that we may observe interesting
behavior in the η′n invariant mass spectrum just above
its threshold, which reflects the physics below the η′n
threshold, as seen in Fig. 8, where we plot only the η′n
invariant mass spectrum. In the present model, one finds
that the η′n invariant mass spectrum is convex downward
just above the η′n threshold for g > 6, in which there is
a bound state below the threshold, while it turns to be
convex upward for g ≤ 6, where there is no bound state.
Next, we shift the value of the parameter mσ8, which
is the mass of the octet σ meson exchanged between η(′)
and n. Since mσ8 determines the strength of the transi-
tion η′N ↔ ηN , this mainly controls the decay width of
the η′n bound state; the smaller value of mσ8 brings the
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larger decay width of the η′n bound state with a similar
binding energy. The properties of the η′n bound state
are listed in the middle panel of Table II.
By changing the value of mσ8, we can study how the
bound state signal melts with large decay width in the
differential cross section. In Fig. 9 we show our result
of the sum of the differential cross sections of γd→ ηnp
and η′np with the parameter mσ8 = 0.9 GeV to 1.3 GeV
in intervals of 0.1 GeV. We can see from Fig. 9 that for
mσ8 ≥ 1.1 GeV the signal of the η′n bound state is clear
and nonnegligible compared to the quasifree contribution
above the η′n threshold. In contrast, formσ8 ≤ 1.0 GeV,
we have only negligible contribution of the bound state
signal. This result indicates that, even if there would
exist an η′n bound state, we could not see its signal in
the γd→ pnη reaction if its decay width is Γ & 25 MeV.
Finally, we introduce the contribution from the πN
channel to the η′N interaction in the linear sigma model.
The contribution from the πN channel is included in or-
der to respect the experimental data given in Ref. [58].
Within this treatment, the effect of the coupling with πN
channel would not be so significant. Besides, for a more
realistic treatment of the model, we also take into account
the effect of the flavor SU(3) symmetry breaking. This
SU(3) symmetry breaking makes the σ0 mass lighter. As
a result, the interaction in the η′N elastic channel, which
contains mσ0 in the denominator, becomes more attrac-
tive and hence the binding energy of the η′N system
increases. In the present model, the binding energy of
the η′N bound state grows to 57.0 MeV, which can be
interpreted as a model parameter mσ0 dependence, but
its decay width is still narrow, 14.5 MeV. The details are
given in Ref. [59]. We note that, in the calculation of the
reaction cross sections, we do not take into account the
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FIG. 11: Invariant mass spectrum for the γd → Xp reaction
with X = ηn and η′n as the sum of the two contributions.
The initial photon energy is taken from Elabγ = 2.0 GeV to
2.4 GeV in intervals of 0.1 GeV. The proton scattering angle
in the global center-of-mass is θcmp = 0 degree.
double scattering amplitude with the π exchange, since
the exchanged π should go far from its mass shell, which
gives only a negligible contribution.
We show in Fig. 10 the result of the sum of the dif-
ferential cross sections of γd → ηnp and η′np. From
the figure we can observe a clear signal of the η′n bound
state at MX = 1.84 GeV though the peak of the bound-
state signal is reduced compared with that without πN
channel.
B. Behavior of the signal of the η′n bound state in
several experimental conditions
Let us now discuss how the signal of the η′n bound
state can be seen in several experimental conditions. The
model parameters are the same as those given in Sec. II.
1. Photon energy dependence
First we examine the initial photon energy dependence
of the differential cross section. We take the initial pho-
ton energy from Elabγ = 2.0 GeV to 2.4 GeV in inter-
vals of 0.1 GeV and the proton scattering angle θcmp = 0
degree. The result of the cross section around the η′n
threshold is plotted in Fig. 11.
From Fig. 11, we can find that the peak height of the
signal of the η′n bound state at 1.89 GeV is almost un-
changed as the initial photon energy increases. This is
due to the two facts on the η′ photoproduction. First,
the γp→ η′p reaction cross section, and hence its ampli-
tude, decreases as the photon energy increases, as seen
in Fig. 3. Second, with forward proton emission, η′ pro-
duced on a bound proton becomes slower in the labora-
tory frame as the photon energy increases, which makes
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FIG. 12: Invariant mass spectrum for the γd → Xp reaction
with X = ηn and η′n as the sum of the two contributions.
The scattering angle of the final-state proton is taken from
θcmp = 0 to 30 degrees in the global center-of-mass frame.
The initial photon energy is fixed as Elabγ = 2.1 GeV.
the intermediate η′ close to on its mass shell in the η′n
signal region, and hence the η′ exchange contribution
becomes stronger. These two contributions compensate
each other, and as a result the signal of the bound state
is almost unchanged regardless of the initial photon en-
ergy. On the other hand, while the peak height of the
η′ quasifree contribution seen above the η′n threshold is
similar, its peak position shifts downward as the photon
energy increases. This is caused by that η′ produced on
a bound proton becomes slower in the laboratory frame
as the photon energy increases, which makes the η′n in-
variant mass lower.
2. Scattering angle dependence
Next, we change the value of the scattering angle of
the final-state proton. Here we take the scattering an-
gle in the global center-of-mass frame, θcmp , from 0 to
30 degrees in intervals of 10 degrees. The result of the
differential cross section in these values of the scattering
angle is shown in Fig. 12. From the figure, for larger scat-
tering angle θcmp , we observe smaller bound state signal.
This is because, with finite θcmp , exchanged η
′ goes largely
off-shell due to a large transverse momentum and hence
the η′ exchange contribution becomes weak. Therefore,
this result indicates that the forward proton emission is
suitable for the production of the η′n bound state, as we
have expected. However, we also see that the quasifree η′
peak shifts upward due to the same kinematics. This fact
may help us to observe the signal of the η′n bound state
in actual experiments, as in experiments we measure the
production cross sections with finite scattering angles.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 1.86  1.87  1.88  1.89  1.9  1.91  1.92  1.93  1.94
d
σ
 
/ d
M
X
 
 
[ µ
b 
/ G
eV
 ]
MX  [GeV]
θp
lab
 <   5o
10o
20o
FIG. 13: Invariant mass spectrum for the γd → Xp reac-
tion with X = ηn and η′n as the sum of the two contribu-
tions. The scattering angle of the final-state proton in the
laboratory frame, θlabp , is integrated in the ranges [0
◦, 5◦],
[0◦, 10◦], and [0◦, 20◦]. The initial photon energy is fixed as
Elabγ = 2.1 GeV.
3. Integrating the angle for forward proton emission
Finally, in order to see the cross section corresponding
to the realistic experimental observations, we show the
cross section integrated with respect to the scattering
angle for forward proton emission in the laboratory frame
in Fig. 13. The result indicates that, in any cases of
the upper limit of the scattering angle, we can clearly
distinguish the signal of the η′n bound state, if existed,
from the η′ quasifree contribution. This result indicates
that we will observe the signal of the η′n bound state
in experiments of the γd→ η(′)np reaction with forward
proton emission, especially if the bound state exists at
more than several MeV below the η′n threshold with a
small decay width.
IV. CONCLUSION
In this study, we have investigated possibilities of ob-
serving a signal of an η′n bound state in the photopro-
ductions of the η and η′ mesons on a deuteron target
with forward proton emission. For this purpose, we have
described the production process by two portions. One is
the photoproduction of the η(′) meson on a proton, and
the other is the η(′)n → η(′)n scattering. In this study,
the η(′)N → η(′)N interaction is obtained in the linear
sigma model, and this interaction is employed as a kernel
of the scattering equation so as to calculate the s-wave
η(′)N scattering amplitude, in which an η′N bound state
can be dynamically generated. On the other hand, the
γp → ηp and η′p scattering amplitudes are fixed in an
effective model so as to reproduce the experimental cross
sections with forward proton emission.
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By using these two portions, we have calculated cross
sections of the γd → ηnp and η′np reactions with for-
ward proton emission in single and η(′)-exchange double
scattering processes. As a result, we have found that
the signal of the η′n bound state can be seen below the
η′n threshold in the ηn invariant mass spectrum of the
γd → ηnp reaction and its strength is comparable with
the contribution from the quasifree η′ production above
the η′n threshold in the η′n invariant mass spectrum. We
have found that the double scattering process of the η′ ex-
change dominates the production of the η′n bound state.
We have also seen a nonnegligible destructive interfer-
ence between the η′ quasifree contribution in the single
scattering and the tail of an η′n bound state peak com-
ing from the double scattering of the η′ exchange, due to
the η′ absorption into the bound neutron. Changing the
strength of the η′n interaction, we have obtained a clear
signal of the η′n bound state if its decay width is about
10 MeV. In considering realistic experimental conditions
such as several initial photon energy and scattering an-
gle, we have concluded that we will observe the signal of
the η′n bound state in experiments of the γd → η(′)np
reaction with forward proton emission, especially in the
case that the bound state exists at more than several
MeV below the η′n threshold with a small decay width.
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